We demonstrate a size sensitive experimental scheme which enables bidirectional transport and fractionation of paramagnetic colloids in a fluid medium. It is shown that two types of magnetic colloidal particles with different sizes can be simultaneously transported in opposite directions, when deposited above a stripe-patterned ferrite garnet film subjected to a square-wave magnetic modulation. Due to their different sizes, the particles are located at distinct elevations above the surface, and they experience two different energy landscapes, generated by the modulated magnetic substrate. By combining theoretical arguments and numerical simulations, we reveal such energy landscapes, which fully explain the bidirectional transport mechanism. The proposed technique does not require pre-imposed channel geometries such as in conventional microfluidics or lab-on-a-chip systems, and permits remote control over the particle motion, speed and trajectory, by using relatively low intense magnetic fields.
patterned substrates have been successfully used in the past to transport and separate microscopic particles dispersed in a fluid medium. It is possible to direct different particle species along separate paths under similar experimental conditions, when the interaction of the particles with the imposed landscape depends on their particular properties, such as their size, electric, magnetic susceptibility or surface charge. Particle sorting has been demonstrated in the past via electric [6] [7] [8] , magnetic [9] [10] [11] [12] and optic [13] [14] [15] fields among other types of driving mechanisms. 16, 17 In most of the cases, the colloidal species are deflected from the periodic potential, and the degree of deflection is used to transport different particles towards different locations. A smaller number of experimental realizations have demonstrated the possibility to use an external field to direct the particles in opposite directions. In this context, most of the examples have been obtained by driving the particles with an electric field, in presence of a periodic pattern, 6, 8, 18 or using binary mixtures of oppositely charged particles. 19, 20 This task is even more challenging if the particles are driven with a magnetic field. In this case the periodic potential is usually generated by a structured magnetic substrate, and unless a proper strategy to steer polarizable particles is designed, 10, 12 the magnetic particles typically exhibit a unidirectional transport.
In this article we report on the controlled transport and separation of paramagnetic colloidal particles driven by an externally modulated spatially periodic energy landscape, generated across the surface of a structured magnetic substrate. We demonstrate via real-time experiments that colloidal particles of different sizes can be transported in opposite directions at a well defined speed, the latter being mainly controlled by the driving frequency of the applied field. The mechanism behind the bidirectional transport is rather robust, and it is fully determined by the different shapes that the magnetic potential adopts at the different particle elevations. We use theoretical arguments to assess the shape of these energy landscapes, finding a good agreement between the experimental data and the numerical simulations performed using these potentials. Extending our procedure to a polydisperse colloidal system, we determine the sensitivity to sorting colloidal species when transported across the magnetic substrate. showing the bidirectional transport of a large particle (moving to the right, size 2.8 µm, red circle) and a small particle (moving to the left, size 1.0 µm, blue circle). The applied field has amplitude H 0 = 1500 A/m, anisotropy β = 1 and frequency f = 3 Hz. The corresponding video-clip can be found in the Supporting Information (VideoS1). (c) Displacements along the x-axis versus time of the large (red) and small (blue) particle. Fig. 1(a) shows a sketch of the experimental system. The substrate potential is generated by the stray field of a bismuth substituted ferrite garnet film (FGF), of composition Y 2.5 Bi 0.5 Fe 5−q Ga q O 12 (q = 0.5 − 1). The FGF is grown by dipping liquid phase epithaxy, and is characterized by parallel ferromagnetic domains with alternating up and down magnetization and a spatial periodicity of λ = 6.8 µm. 21 Bridging the magnetic domains are Bloch walls (BWs), i.e. ∼ 20 nm narrow transition regions where the magnetization vector rotates by 180 degrees. The position of the BWs can be easily manipulated with the aid of a relatively low (few mT) external field, a feature which is used to modify the magnetic stray field of the film. We demonstrate the bidirectional transport by dispersing small (s) and large (L) paramagnetic colloids above the FGF, with diameters d s = 1.0 µm (Dynabeads Myone, Dynal) and d L = 2.8 µm (Dynabeads M-270, Dynal), and magnetic volume susceptibilities χ s = 1 and χ L = 0.4, respectively. 22, 23 Both types of particles are composed of a crosslinked polystyrene matrix with surface COOH groups and are diluted in highly deionized water (MilliQ) before being deposited above the FGF surface.
Once above the FGF, the particles sediment due to density mismatch, and are attracted by the stray field H sub of the film, which confines them to the horizontal plane. To avoid particle sticking and reduce the strong attraction of the FGF, we coat the latter with a uniform layer (thickness h) of a positive photoresist AZ-1512 (Microchem, Newton, MA) via standard spin coating and UV photo-crosslink. 24 Due to weak residual electrostatic repulsive interaction, particles hover slightly above the coating layer without mechanically touching it. Under no applied field, the FGF generates a one-dimensional λ /2-periodic magnetic landscape. The particles are attracted to the minima of the landscape located above the BWs and stay at fixed elevations, z s for the small or z L for the large particles. The external fields are applied with a custom-made triaxial coil system connected to a wave generator (TTi-TGA1244, TTi) feeding a power amplifier (IMG STA-800, Stage Line). The particle dynamics are visualized with an upright optical microscope (Eclipse Ni, Nikon) equipped with a CCD camera (Scout scA640-74f, Basler) operating at 60 frames per second.
As shown in Fig. 1(a) , we transport the magnetic colloids above the FGF film upon application of a square-wave magnetic field,
, where sgn(x) is the signum function and f denotes the driving frequency. The field strength can be described in terms of the amplitude
and the field anisotropy β = H x /H z . The applied field modulates the magnetic domains such that the potential is switched between two states every half (T /2) a period, T = 1/ f , inducing a net particle current above the FGF. Before discussing in detail the resulting potential, we will describe the main experimental observations. As shown in Fig. 1(b) , we find that for a certain range of field amplitudes and anisotropies, particles of different size are transported in opposite directions above the FGF surface. In particular, the series of polarization microscopy images in Fig. 1(b) show one large particle (highlighted by the red circle) and a small particle (highlighted by the blue circle), which completely exchange their positions after 4.98 s. Both particles display step-like trajectories reflecting the discontinuous nature of the driving field, see Fig. 1 (c) and Supporting Information (VideoS1). The particle motion proceeds through a series of suc- 
illustrating the mechanism of bidirectional transport of the large (2.8 µm, red left panels) and the small (1.0 µm, blue right panels) particles, as described in the text. Top panels show two states of the flashing potential plotted at t = 0 and bottom panels after half a period at t = T /2 = π/2ω.
cessive steps: every half a period (T /2), when the oscillating field changes sign, the particles start to move towards the nearest energy minimum (steep part of the trajectory) at a distance of one magnetic domain (λ /2), reach it and wait (flat part of the trajectory) for a next change of sign. This movement leads to an average speed v j = ±λ f with j = {s, L}. In a more concentrated system, particles propelling in opposite directions might accidentally collide. In this case, the small particles usually slide over the surface of the large ones and continue further almost unperturbed. Thus, for the discontinuous magnetic modulation used here, the magnetic dipolar interactions between particles of different sizes are irrelevant, as recently observed for a binary mixture of particles driven unidirectionally by a continuous modulation. 25 In contrast, the pair interactions between similar particles are non-negligible, as discussed in a previous work. 26 However, for the measurements of average speed, we avoid chain formation by using low concentrations of particles, such that the pair interactions do not affect the particle motion. We also note that the bidirectional transport observed for the square-wave modulation was not found for other types of magnetic driving, such as linear oscillating 27 or rotating magnetic fields. 28 In order to understand the mechanism behind the bidirectional transport, we calculate the magnetic energy landscape generated by the FGF surface under the influence of an external field. We consider two paramagnetic colloidal particles having different diameters d j , volumes V j = πd 3 j /6, and effective magnetic volume susceptibilities χ j . Under a magnetic field H the particles acquire a dipole moment m j = V j χ j H(x, z j ,t), and an energy U j (x,t) = 1 2 (µ 0 V j χ j )H 2 (x, z j ,t). Here, µ 0 = 4π × 10 −7 H/m is the magnetic permeability of the free space, and the global magnetic field H = H ac + H sub is the sum of the external modulation H ac and the substrate field H sub expressed as 29
with H sub x = Re{H sub } and H sub z = −Im{H sub }. Here, u ± = e −kz e ik(x±∆) with k = 2π λ the wave number, M s is the saturation magnetization, and ∆(t) = εH ac z (t)/2 is the displacement of BWs via the external field, where ε is a prefactor which determines the amplitude of such displacement. Fig. 2 shows the magnetic energy landscape for the two particles calculated at two different time steps, separated by half a period of the driving field. The modulation switches the potential between two states, which are represented by the λ -periodic profiles in the top (state 1) and bottom (state 2) panels of the image. Because of exponentially strong dependence on the elevation in eqn (1), small differences in the particle size significantly affect the shape of the potential seen by the two types of particles. As shown in Fig. 2 , the potential for a small particle has a more complex shape as compared to the magnetic landscape of the large one. This shape results from higher order harmonic terms in the Fourier expansion of eqn (1) which decrease with the elevation, thus remaining non-negligible for the small particle but becoming less relevant for the large one. In both cases, a particle in state 1 appears close to a maximum when the switching to state 2 occurs and tends towards the nearest minimum. The crucial point is that the emerging maximum is always slightly displaced with respect to the minimum, to the left for the large and to the right for the small particles, forcing the two species to move in opposite directions. 30 At low frequencies (such that a particle has enough time to reach its target minimum within the time T /2), its average speed v j = ±λ f , as discussed above. In contrast, when the switching between the two states is too fast, the particle is unable to reach the minimum in such brief period of time and gets trapped, moving back and forth between the two minima in states 1 and 2. As a consequence, at high frequencies the average speed vanishes for both types of particles.
In order to probe these theoretical arguments, we next perform a series of experiments and measure the average speed v j of the two types of driven particles, varying the frequency and keeping constant the amplitude and the anisotropy of the applied field. The experimental data in Fig. 3 (the filled symbols) show the speeds having different signs for the two types of particles. In both cases, the motion is characterized by two well defined regimes, as described above. At low frequencies, the particles display net motion with the average speed v j that increases almost linearly with f . In contrast, beyond a critical value ( f c s = 14.2 Hz for the small particles and f c L = 30 Hz for the large ones), the beads cannot follow the flashing minimum, showing a gradual decrease of v j with f . To achieve a quantitative agreement with the experiment, we simulate the individual dynamics of particles in the magnetic potential based on eqn (1) with account of thermal fluctuations, as described by the equation
Here, ζ j = 3πηd j is the viscous friction coefficient, η = 10 −3 Pa s is the dynamic viscosity of the solvent, k B T is the thermal energy, and ξ j (t) is a Gaussian white noise with zero mean and unit covariance. The results of the numerical simulations, shown as empty symbols in Fig. 3 , agree well with the experimental data for all the range of frequencies explored. In the numerical simulation Exp. data theory 1 µm 2.8 µm we fixed the elevation of the particles as z s = 0.9 µm (z L = 1.8 µm) for the small (large) particle, considering that the thickness of the polymer film covering the FGF surface is h = 0.4 µm. We used the corresponding experimental values for the field amplitude H 0 = 1820 A/m and the anisotropy β = 0.72. The saturation magnetization was a free parameter and we find the best agreement with M s = 27 kA/m.
We now explore the sorting capability of our system by changing the size of the employed paramagnetic particles. We deposit on the FGF a polydisperse suspension composed of particles having 7 different sizes, from 270 nm to 10 µm. The corresponding average speeds for a suspension subjected to a field with amplitude H 0 = 4300 A/m, frequency f = 12 Hz and anisotropy β = 1.12, are shown in Fig. 4 . Particles having size d ≤ 1 µm display a positive velocity, while larger particles are transported in opposite direction. We note that the largest particle (d = 10 µm) is unable to move on average. For such long distance to the particle center, the landscape gets perfectly symmetric, and the potential switches between two inverted states, which forbids any net motion. 31 Moreover, because of stronger thermal fluctuations, smaller nanoparticles exhibit a lower speed as compared to the paramagnetic colloids having d = 1 µm size. Fig. 4 makes it evident that the threshold for the magnetic separation depends crucially on the distance between the particle center and the FGF, assuming that each particle is doped by the same fraction of magnetic content. One thus can increase or reduce the thickness of the polymer film deposited above the FGF in order to tune this threshold, allowing to efficiently sort magnetic colloids with different sizes.
To summarize, we have experimentally demonstrated and theoretically explained a novel method to control and transport paramagnetic colloids in opposite directions. We note that an earlier study using a different FGF film showed an apparently similar size-based particle separation method. 27 In that work, bidirec- tional motion of a bidisperse mixture of particles was induced by applying a rather complicated Lissajous-like magnetic modulation, characterized by two different driving frequencies. In contrast, here we straightforwardly use one driving frequency and a switching field which simultaneously generates different energy landscapes depending on the elevation. The transport method proves robust over a wide range of field parameters, allowing one to reach an unprecedented difference in the speed between particles of different sizes, as high as | v L − v s | = 80 µm/s. As for fundamental implications of our work, the realization of a flashing potential able to simultaneously generate opposite particle fluxes may prompt further extensions of previously developed ratchet models 31, 32 . In this context, an intriguing aspect would be the role of the thermal fluctuations in the process, which are negligible for the large particles used in the present study, but become increasingly important while reducing the size of the particles down to the nanoscale. On the technological side, our work could provide a method to fractionate magnetic micro-spheres in a channel-free microfluidic environment, since it does not require the presence of hard walls to confine the motion of microparticles. Furthermore, paramagnetic particles can be easily functionalized in order to target and bind specific biological or chemical agents, which could be then transported on command by the applied field. This feature opens up the possibility for novel applications in micro-and nanofluidic systems. We thank L. Schimansky-Geier and I. M. Sokolov for valuable discussions. 
